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Reversine Enhances Generation of Progenitor-Like Cells 
by Dedifferentiation of Annulus Fibrosus Cells 
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The aim of this study was to determine if treatment with reversine, a purine analog, promoted generation of 
sleleial pi < osk.1I m initt mnuhi ibrosus cells. Reversine modulated cell growth, mor- 

phology, and the actin cytoskeleton of annulus fibrosus cells. Microarray profiling coupled with Ingenuity 
Pathway Analysis revealed that reversine treatment resulted in a significant expression change in many genes 
including those required tor cell-cell interaction, cell men cnicnt, cell growth, and development. Further analysis 
rex lit 1 ion in men! ne netvvori i ill lliil.u » 1 i ii DNA 

replication and repair, tissue morphology, and cell-to-cell signaling. The gene expression profile was dependent on 
reversine concentration. In osteogenic modus, cells pretreafed with .>00 nM foversine exhibited an increased in- 
duction in alkaline phosphatase activity and enhanced expression of alkaline phosphatase, bone sialoprotein, 
osteocalcin, and collagen type I mRNA >*ani di » ni mdia i > vet » retreated innulo cells 

displayed evidence of adipogenic differentiation: accumulation of cytosolic lipid droplets and increased expres- 
sion of PPAR-y2, LPL, and Fa bp mRNA. In chondrogenic media, cells pretreated with reversine exhibited marked 
increase in the induction of aggrecan, collagen types II, IX, and XI, and versican. It is concluded that reversine 
treatment induced annulus fibrosus cell plasticity and promoted their differentiation along mesenchymal lineages. 
This agent could be used to generate skeletal progenitor cells to orchestrate the repair of the intervertebral disc. 



introduction 

The intervertebral Disc is a specialized biornechankal 
- ii prism h > d ~~ ' in lens 

puiposus surrounded b\ a iiaanieiOons annulus tibro&us. A 

" ip t< ' F 1 1 H.tn 
bralbone. Changes „, applied biomec.han.cai forces and slow 
diffusion of nutrients and oxygen delivery across ihe endptate 

Within the past decade, there has been a growing interest 
in developing strategies to repopuiate the degenerated in- 
tervertebrai disc using embryonic as well as adult mesen- 
chymal stem celts (MSCs).* -5 It has been shown that these 
transplanted cells can be used to regenerate the nucleus 
puiposus and partialh restore o no en A major shortfall 
of cell transplantation therapies using autologous adult stem 
celts deri\ c:d from the marrow, fat, or other tissue sources is 
that the cells an n< t > r m \; i i, ps-d K *■ e unique mi- 
croenvifonmentai conditions of the degenerating disc." One 
n | i i < h 1 i lie fi iv sliOnn, 



t ' , ,i i,,,, .a |> n » hi- i pi, tatu 1 and UMully 
fnnatii. t rtx-iowtion Is. iai from complete." Recently, a more 
direct approach using the resideri! progenitor cells to re- 
populate the damsoed tissue has been proposed."' Although 
interesting, this approach is limited because of deficits in un- 
derstanding of factors that control the commitment of endog- 

An alternate strategy to offset the limited capacity for self- 
i' ' ^ ••-'••'•^ n I pkni P o; iris on, du t 

1 t, c , f purine, reversine 

has been used to induce reversion of adult cells to a multi- 
potent state undo; appropriate conditions, those cefe could 
then be converted into other ceil types."' 1 " Based on these 
findings, \ f 1 the i ibiii h u atn t 

•can ! fi- 
brosus cells to a stem-like state. The results of this study 
id 0 i annulus brc s cells can b dedifferentiated 
into progenitor cells, which can then be committed to 

bo . , i osteogenic, or a i o„ lineages. Based on 
these results, we advance the notion that it may be possiOlo 
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e progenitor cells to repair the 



Materials and Methods 

Cell isolation 

We used an explant cultui c i is 
brosus ceils from the intervertebral discs ot mature Wistar 
P s n i I i [ i J tn i t im i I- 

ii > I i i hi i 

coliagenase (Sigma, St. Louis, MO) and lOU/'mL hyaluroni- 

! (Sigma) ft. n spi i ted with magnetic 

stirrers. The partially digested tissue, along with liberated cells, 
was cultured as an evpla D x .u s x hired Eagle's 
medium and 10% fetal bovine serum supplemented with an- 
tibiotics (Gibco,. Grand Island, NY) in a humidified atmosphere 
containing 5% C0 2 at 37 C 'C. Adherent fibroblastic cells ex- 
hibiting an el< u ai i i ] h i >1 h jit 
after 1 < v f i oi i I n t 1 
and fibromoduiin., markers of the anniilus fibrosus phenotype. 



markers: CD'G, CD29 (integi m pTl, CD-14 (hyaluronate re- 
i j. a id -T ia i i ['[» ii ii, M w>,< V\) In 
each case, a t\vo-a»kwd ennhod' labeling procedure was 
1 v II ( 1 u i i iso- 

thiocyanate (FiTC). After i h at 37 C, cells were washed twice 
with PBS and subjected to flow cytometry rising a Beckman 
Coulter XL system (Beckman, Miami. Fi.) equipped with a 488 
argon ion laser and a rout -color detector. 



.?.UU0o. 



(pa 



:ated with revei 



(50 nM to 20 uM) for 1-4 days, and cell growth and mor- 
phology were assessed For microarray analysis and differ- 
entiation assays, ceils were treated w ith 300 nM and 5mM 
reversine for 4 days p:i< n \ • -< n ■> m oi eduction with 



Measurement of cell viability and growth 



To 



ceil viability. MTT ;3-(4.5-dimeth\ ith:.i/oi-2- 
•2,5-tiiphenyltetra/.oli!irn bromide) assay was carried out 
described previously. 11 Briefly, after reversine treatment, 
T diluted in Hank's balanced salt solution was added to 



icuba 



i period (2 ha 



odium 



solubilized in dimethyl sulfoxide. Product formation was 
measured by reading the absorbance at 560 ran using a mi- 
cropore reader (Spectra Flour Pius: Teem, Durham, NO. 

■" as -,meni of cell morphology and actin organization 

Crystal violet staining was used to monitor the morphol- 
ogy i . < il tl m 1 t r . r K 1 . te 

Images were captured using a bright-field microscope fitted 
i hi) mu Nikon. Melville, NY) i bst * cti 

organization, cells were plated in %-weli plates (4x10" 
cells/well). After reversine treatment, cells wen* fixed with 
4% paraformaldehyde, pormeabili/cd 0.1"., Triton X-100 for 
xn m , xl labrUe - Ii Jn n . . t u ^ xl 

C > r i i I i i hp [ ix 1 ni 

saline (PBS) and visualized using a confix ai tnicroscope 
(Olympus Fluoview; Olympus, Tokyo, japan). 



mat 



Annulus fibrosis cells were treated with reversine (300 nM) 
for 4 days and analyzed for the expression of ceil surface 
receptors They were detached from the tissue culture plates 



ed f 



ed a 



fibrose 



id 1 



the . 



(300 nM and 5 mM) tor 4 days using PNAensy mini columns 
Iti c/r 'i ili'iiai c \ Bcfoio ■ ■moil iiorn the column, 
RNA was treated with RNase-free DNAse I. RNA was 
quantified on a Nanodrop ND-100 spectrophotometer 
(NanoDrop Tec 



RNA 
bioanaly 
labeling 
a m pi i fie 
Briefly, I 



t by 



i.ENA 



(NuG 
il RNA 



?ico RNA 
irlos, CA). 
ng a 



ed v 



/mRNA primer, and a second complemen- 
tary cDNA strand was synthesized. Purified cDNA was then 
amplified with ribo-SPIA enzyme and SP1A DNA/RNA 
primers (NuGen Technologies), Amplified DNA was puri- 
fied with Zyrno Research IAN A Clean and Concentrator-25 
(Zymo Research:, Orange, CA). Sense transcript cDNA (ST- 
cDNA) was generated from 3gg amplified cDNA using 
WT-Ovation Exon module (NuGen Technologies). Purified 
ST-cDNA was assessed for yield using the Nanodrop spec- 



•oph 



■ Tor 



i \ 1 im 1 1 ir . 1 G I b< ftd with 

biotin to generate biotiny lated ST-cDNA using FL-Ovation 

Each Affymetrix gene chip rat gene 1.0 ST array (Asyme- 
trix, Santa Clara, CA) was hybiidi/od with fragmented and 
biotin-labeled target (4.5 ag) in 200 tiL of hybridization cock- 
tail. Target denaiuration was performed at 90 G for 2 min and 
then 45°C for 5 min, followed by hybridization for 18 h. Then 



the 



ed a 



lidk 



Aldrich,St. 



mi 1 ^ i 1 I 1 x i mil 
antibody ampl ;fi ca ti on with goat IgG ( 
MO) and antistroptavidii: bietinviatod antibody (Vector 
,K r i , u I v r ip. ui scanned o n 

Affymetrix Gene Chip Scanner 3000, using Command Con- 
^ t - ■> i P I i i ^i x n i ii 
done using Fot s i m i\ \* w> i ' ■ ii'^pnngVRin 
,wt i s r i i \ < M n i I \ l,(i, 
was generated. The listing of dsfteivntiaily expressed genes 
atxl " t -v t - v t t v L i ii > xix in Pithwav 
\ , -. -, IP v m-> i i o my^mao on i to perform 
biological network and functional a £ ses PA onverls gene 

molecular networks based on , . G - 

core analysis was performed for and the genes were catego- 
rized based on molecular function, mapped to genetic net- 
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works, and ranked by score. The score reflects the probability 
that a collection of genes equal to or greater than a number in 
the network could not be achieved b> c n e a!, le \ scon 
of more than 5 used as or ide ing sf fi 

i 1 i 1 . ii v ik 1 i , v " c Ir" 3 n 

tiaily e; p t > , t mi reverse 

inscriptaso-poiyn isi in ction (RT-PCR) 

Real-time RT-PCR analysis 

Following treatment with re\ersini 01 culture in differ- 
entiation media, total RNA was extracted from cells using 

RNiAl 1W 'II 11 c il I II- "Oil,!..;";!! . ^ 11 Jl >i ^ 

column, R\ \ w is heated w h O )\ \->e 1 One- 

hundred nanograms of total RNA was used as template for 
real-time PCR analysis. Reactions were set up in micro- 
capillary tubes using luL RNA with 9uL of LightCycler 



nostics, Indianapolis, IN) to whic gene-sp ecific f< ward ; d 

included a template-free control. PCR reactions were 
pet i ec n 1 C c I 1 ' 1- ^s ^ in 

to the r » c ti tic iti the primers used 

were synthesized bv integrated DNA Technologies (Coral- 
ville, IA). 

Cell differentiation assays 

To induce differentiation, the reversine-treated anm.1i1.1s fi- 
1 \ --i 1 I I 1 I C 1 it 

I nKvl " v A.' v > d A ' 0 ( 1 idipO 

t 1 110 1(11 i id til t 1H ill!! I 11(1 

treated with osteogenic or ndipogenic supplements. Ostoo- 
genic supplements consisted of dexamethnsonc (10 ' M), 



i Cd A- 




24k mil 72h >Mh 
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FIG. 1. Viability of annulus 
fibrosus ceils following treat- 
ment with reversine (50 nM to 



displayed a marked decrease 
11 - iehk\ <Bi \foip! (v . 

fibrosus cells after 24 h. At 
10 uM, very few cells re- 
mained attached to the tissue 
wihme <ii-h M i.'imk .ni'iir 



alius 



:ells 



fed with r. 



verbine (30 nM to 5uM) for 
time periods up to 96 h and 
cell number wa» measured 
using the MTT assay. Note 



a ho 



ell 



the number of untreated cell: 
at each time point 
and concentration. (O) Ceil 
< ' < if 1 anah -is oi snnulus fi- 
brosus cells treated 
Ah 300 nV! reversine. 



Re-, 



ed c 



ed n 



:diff 



(16.2.5 0 88} phases com- 
plied with untreated controls 
'<a CO 'Co') 12 71 S 



*p<0.05. MTT, 3-(4,3-dimefhvith 



ti f x i< ,lo t < C> ft- ;ver; ; i eat le it Con ;r 
»f the annusus fibrosus cells. Magnification: x20. (F) Actin cytoskeleta 
1 reversine and stained with phalloidin. Above 300 nM reversine, the 
station of actin filaments. Results are the mean SD of three indepe 
jzol-2-yi)-2,5-diphenyltetrazolium bromid - rd deviation. 
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FIG. 2. Phono' \ pk cl.SM.-s.sfiK-! it of lc> -■: -I t- ■■ 1 = ^- - ■;.-u- ;Aj ! (-lis .show Jaiwi ■ wpi essioi I of Coi iagon 

type I (COL-I) after reversine treatment; decrease in collagen type il (COL-II) was evident only at'5|xM reversine. Fi- 
' k 1 i n ! J i c<j no h u i R 1> I t rovoivw on w ^ i i < i expression. Cells were colabeied with 

CD29 and CD90 and analyzed by flow cytometry. Rat bone marrow MSCs were used as a positive control. There was no 
significant di <t< < n <xpi< th th urfa e mnkers bv re\c sine trt itment (R s i bin « mpared with 

untreated annulus fibrosus cells (Or-AF) Results are the mean+SD of three independent experiments; *p < 0.05. MSCs, 
rnesenchvma item cells; FITC i! i >t icva it ] J t ycoery in 



ascorbate 2-pbosphate ( ->0 j.ig/mL). and {^glycerophosphate 
(1 0" 2 M). 15 Ad i p -g<-i>!<. -uppl.'n ••>!•<.!)>. I tided dexamethasome 
(10 M), insulin (Ij.tr; ml..), i -rnethyl-3-isobutylxanthine 
(5x10™* M), and indomethacin ('iO'" 4 M). 16 ' 1 "' For adipogenic 
differentiation, fetal bovine serum was replaced with rabbit 
serum to enhance adipoeenic dift'esvrifsaisori. 1- Ceil- w en- 
treated with osteogenic supplements for 9 or 1 6 clays, whereas 
with adipogenic supplements in multiple eveies of 3 days, 
followed by 24 it recover* in growth medium supplemented 
\ ith in nl n i t 

t\pe cells ueiee.irapsOi.eed si i 2 .. limn it.-ti %, Pieow.a, 
Lysak< Norw.n f elis mi c mat. n high-glucose 

Duibecco's modified Fagle's medium supplemented with in- 
sulin -transfer;!! -selenium (with albumin;, sodium pyruvate 
(lOOug/mL), L-proline (40pg/mL), ascorbate 2-phosphate 
(50 [it nl ) < tin t i 12 ig/mDfor 

21 days. 16 

Histochemi - <ai ng ceils 

Alkaline phosphatase localization . After 9 days in culture 
c>4c. iwiin - ,k tiv 1 n "ormaldehyde 
in methanol and stained with naphthol As-Bi-phosphaie 
solution in sodium nitrite (0.1 M) and FBB-alkaline solution 
for 30 min at 37°C in the dark. 



Oil red-0 staining. To localize lipid droplets, ceils were 
stained with oil red-O as described previously. ! ' vi7 Ceils 
were washed with PBS and fixed for 30 min in phosphate- 
buffered 3.7% formaldehyde. Afici washing with water and 
then 60".. isupropanoi, the cells were stained with 0.3% oil 
red-O m 60% isupropanoi for 1 h at room temperature. The 

Itures were then exti In i iter t< nove 

excess stain and then observed with an. inverted phase con- 

Statistica! analysis 

Data are presented as moan standard dec latton. To test 
u U.ik. iW \ n ! i , Muei nt - ' tewt 
the obtained p-s ilues ate indicated in the text and figures 

Results 

Figure 1A shews the \ lability of annulus iibrosus ceils 
treated with reversine for 24 h Vt 0.05-5.0 uM reversine, 
there was n< i difference i 1 ability between 

treated, and untreated cells. At higher concentrations (10 and 
20 i.;M), there was a significant decrease in ceil viability. 
Microscopic observation of the treated cells dicaies that 
there was a dramatic reduction in number of adherent cells 
at a dose of 10 jiM and above; in contrast, at reversine con- 




Gene 
Bank* 


Symbol 


Fold 
Co/Rev 
3(H) nM 


['old 
Co/Rev 
5 M M 


BC0S7003 


Dus.p6 


! .92 


as 


1)1443? 


Vr.nl 
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BC078865 






0.59 


M83745 
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0.60 
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M 24067 
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0.36 


BC072544 
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CKCR4 



FIG. 3. i c i u i i i n n (i \f Vi \h n ii 

Mil > in 1 for " The In i i p s fin.' c fk v I ^o , u !_ gene*. IS reversal 

i ,11, b^ i ^ ^ { hu 1 M i 3 i'i 'i i n i 

1 i w TO ' modulated ai both 300 nM or " ■ rM of reversine is shown. In almost even case, except I 
reversim < i ' ■"■ < there was < v k ,< m -} >. - of these genes. (C) \ chart --Ik h 
gene* ba-.cd on major molecular and ceiiutar functions. The number represents g. 

that some genes may ha\ e multiple functions and can be classified m Severn i categories (sec Table 
Changes in !on- of ■ -gmwd ge:X- veutieJ o\ real nmi ki-is R an. ii\— l<->\ -n-,.i L e fieamicm ■ V' 1 
pression of (D) eel! adhesion molecule 1 (Cadml) and integrin a6 (Iut«>) (E) CCL2 and CXCR4, and ( 
receptor antagonist (TL1 rn) compared with untreated control cells, n 3; mean — SD; *p < 0.05. Co, control; R 
rriptase-polymerase chain reaction. Color images available online at wwwJiebertonliiie.com / ten. 
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v Revekss nh Grouj 



2. (/eh death 



3 Cellular nun emont 



4 Cellular growth and proliferation 



CD55, ARHGDIB, CAD Ml,. C( I 13. 
CXCR4, CYR61, EDN, GFRA1, 
fF6, IR. \ ■ i [■ j \ti, i'C Pi HA 
PPAP2B, FEEPiNEt, 



Cellular development 



1.66 E — 06 to 5.79 E — 03 



4.68 E - 06-5.70 E - 03 



'LR3, 



4.75 E - 07 to 4.24 E - 03 



, CCi. 



IRN 



C KAP2. ( XCR4. CYR61. D1JSP6, 
EDN1, FST , GPRA1 ,. 1L.6, IL1RN. 
ITGA6. NQOl, PAX7, PLK2, 
PTGSi. RAAHE'i. SFRPSNF1, 
SGMS2, TNFSF18, VCAN, 
NTLR3, TNFRSF12A. EL CRM3. 
AKAP13 



1.47 E 06 to 4.70 E 03 \Ri4CL 



; cd a 



CYR61. DNAJB4, EDNp CI RAP 
IL6,. IL1RN, 1TGA3, ITGA6. 
SERPINE1, TLR3, TNFRSF12A, 
VCAN, AC AN, CADM1, CNN1, 
PPAP2B 

AKAP13, BTG2, CADM1, CCL13, 
CNN1, CXCR4, CYR61, DNAJB4, 
EDN1, FST, HSD11B1, IL6, 
IL1RN, ITGA3, ITGA6, MTBP, 
PTGSLSERRiNEF TFR3, 
TNFRSF12A, TNFSF18, TPX2, 
UCHL1, VCAN, GFRA1, CD55, 
DUSP6, PLK2, PAX7 

ACAN, AKAP13, CADMl, CCL13, 
CXCR4, CYR61, EDN1, FST, 
GFRA1, IL6, IL1RN, ITGA3, 
FPGA6,, PA.X7, TLR3, VCAN, 



ratio 



■aitle 



id ! 



; IB) 



Vheii 



■ith u 



treated eel A, A r » ^ ii , i \u n > A" 

there was a marked decrease- in cell proliferation without 
inducing cell toxicity tor periods of time up to 96 h (Fig. tC). 
At 96 h, recovery of 300 nM reversine-treated cells was 
comparable to the untreated control Flow cytometric anal- 
ysis was performed to further confirm this finding. Figure ID 



t ho 



dm 



ed t 



rol and 
whihit n 



■As 



with ! 



: dift 



t ph 



oils after 



depic 



molus fibre 



decreased following 300 nM and 5 uM revets 



i typed was 
e treatment. 



, M m 



vted A 



5 M M. Fi- 



i i oh 1 | nnuk I - - ti do 
verane (300 nM) for 4 days by flow cytometry. A high per- 
centage of rex eisi ne-treatec! annulus fibrosus cells and FVSSCs 
expressed CD90, CD29, as well as CD44 (control: 99.85% + 
0.21%; reversmc t eaie i 9 ' 09 1 2b MSC - 1 00 Fig. 2B- 
D). The imtreal 



i Jispia 



the pn 



and morphology of the armuins fibres 
treatment. \t n tm . w abo\ e 300 nM, rcversine affects 
both .ell -iA 1 i. ' \i i F F - > - i 't r. ed 

< <4I s } i i j i 1 < ttened, epi i 

like morphology. We used phaltoidm labeling to monitor 
actin Aie>< m A -n if-mien . d i g 5 '< r ' <> > 

Again, above 300 nM, the hypertrophic annuins fibrosus cells 
displayed a marked alteration in phalloidin staining, sug- 



phAmg ui | mi in hp I i I II U',i! 

restored (not shown). 

We performed rnicroarrav analysis of annuins fibrosus 
cells treated with 300 nM and 5mM reversinc tor 96 h. 
Figure " -hon • beat map icpi.wntiug g. ^ erosion pro- 
file chaxiget tvh u : e\ws:ii(. me; if \t 'OOnM e- 
versine treatment changes the expression of 121 genes; when 
the annulus cells were tre ited \\i x t t 

sh( ed 5ei xpression 3A, B). A small subset of 

genes was modulated at both 300 nM and 5gM reversine. 

- < 3B p w des i ,st of genes that were affected posi- 
tively or negatively by high and low concentrations of 
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CO Rv Co Rv Co Rv Co Rv 

9d 16d 9d 16d 



FIG, 6, i. 1 i\ r i i i i i i 1 iOn\ i (A, R: Ml ih<-p t.p-f 

iM i t ir pit i» I !'. sivg In .urn* us U".>i.iu.'|K'> ! I I i I in ( > 

genie media fu bidi\s llim 1 i i 1 i if} >[ i u h " >i u t i 1 >i c I n 1 C \i il Note 

ill IK 1 f 1 i I II II I £ < ti I l 11 21 i iIm. I - <.,mi! 1 i 

elevation in alkaline phosphatase transcript level. (C-E) Analysis of osteoblast marker gene expression. In cultures treated 
\ th n i ii \ li i i c i I i I i f i n u u <l ( \ li i ( i i n hi int ik , i 

(C) bone sialoprotein (BSP), (D) osteocalcin (OSC), and (E) collagen type I (COL1) rnRNA expression at 9 days compared with 
control cells. *v ■-" 0.05; data represent mean SD of three independent experiments. 



reversine, respectively. The subsequent studies were per- 
formed with low concentration ot' the drug (300 nM). To define 
the function a property i i hat were modulated by 

functional and pathwi < itialyses indicate that 

nhu i iv- I ' i ,, l II hi 

movement, cell growth and proliferation, and cellular and tis- 
sue development are modulated by reversine treatment 
(Fig. 3C). Table I provides a complete list of functions, involved 
genes, and corresponding p-vaiucs. Fxpression changes in se- 
lect genes following treatment with 000 nM reversine were 
validated by real-time RT-PCR analysis. Note that chemokine 
iigand 2, intcrieukin chemokine C-X-C." motif receptor 0, 
microtubule associate protein, and annexin A8 are highly ox- 
pressed by the rcversine-treatcd ceils Figure 010 shows ex- 
pression of Cc I .idivxor: i I < 1 {Padmil and iniegun ye 
tolloAvmg re^et ,bip - cytnen- \'i<l Kt>gr , t m, n 

v v[ o^i i Irh. iOp I 1 n ' - 0 d 1 

also measured mRNA levels of CCF2, CXCR-1 (Fig. OF), ILn, 
and 1 i id .•nil i ili 1 i ii .g :\ i \gnn a - m ti 
cant elevation ; u f i -i <\ is — " alvi e>ej- - 

treatment. Figures -! and a show the 1PA generated networks 
with scores of 41, 02, 21 , and I 1 ? These network-, are concerned 
D\A rq>- 

iication, recombination, and i -> ceil i (Fig. -fRj, . < 
cell signaling -.sue x p 1 „ Fu ""'A.}, and lastly amino 
acid metabolism, molecular transport, and small molecular 
biochemistry {Fig. 5B). 



napn 



eel a 



iM) 



cultures (Fig. 6 A); a concomitant induction in alkaline 
phosphatase mRNA was also seen, which was more pro- 
nounced 16 days following treatment (Fig. 6B). In addition, 
\p cession of b< iloproiei < n< i . , 1 

tvpe i was induced (Fig. 6C-F). Relative increase in the 
mRNA levels of these stems; was higher at 9 days than at 
16 days. There was also evidence of increased mineral ide- 



ated r 



ex pa 



.rol a 



u * i . i in i , I ceils cultured in the osteogenic medium. 

Like-wise, when heated with adipogemc supplements tor 
6 davs, oil red-(0 staining indicated feat reversine treatment 
enhanced lipid droplet formation. After 6 days of treatment, 
a significantly greater number of reversine-pretreated 
(300 nM) annuius fibrosus ceils contained cytosolic lipid 
droplets than controls (Fig. 7 A). There was an increase in the 
expression of PPAR--/2 mRNA, a critical transcription factor 
involved in adipogenesis after 6 days of treatment (Fig. 7B). 
Expression of LPL and Fabp mRNA, other important adi- 
pocyte marker genes, were also significantly upreg t d 
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6d 10d 6d 10d 



FIG. 7. Adipogctik differentiation of annulus fibrosus cells preheated with 300 nM reversine. Cells were cultured in 
adipogenic media for 10 davs and histochcn>ie;i! staining and nvil-fsme RT-PCR analysis were performed on the differen- 
tiating cells. (A) Oil fvd-O staining of control (Co) and reversine (Rvgprotteated annulus cells after culture in adipogenic 
media. Reversincdreafed cells exhibit increased accumulation of lipid droplets. Magnification: x20. (B-D) Real-time RT-PCR 
ana* sis oi cell. ! nam tamed :n 1p i 1 in . islims.' 1 h idipoj,: m f ki t i in! i days, 

re\ei sun -prow sued cwiuhi. niarosu .nJKoM •! ■i.fci: .a in. .. \ .r,. ..>. I isp'oa-': , <l B) IT \R- (C ; ! f'l , and (Di Kihp 
t i o ntio ^ P, ii t s ^ > i ^ n [ 1 I i ii j i 1 i pt i f 



when compared 1 rnrois i C, D) ) nee ol 

differentiating supplements, re\ ersinc-prctreated cells did 
nof show fmnsdifferentiatfon into adipogenic or osteogenic 
phenotype {not shown). When cultured in conditions" that 
favor chondrogenesis, the reverstne-pretreated cells ex- 
hibited a significant induction or chondrocyte marker genes 

llkl ill!, I ,K II s \ o I V i < , S ' ■ 

XI (Fig 8E) Relatedto the'etkc . ' ikentratioL 
of reversine, at 5gM, compared with untreated controls, 
t v if c ( v 1 1 i < n < nit < in < i < 
differentiation. 

Discussion 

There arc eon.ideiibk ad> wr,.go' in us, or drug, to 
promote the dedifforon tuition ot lineage-committed annulus 
fihrosusceils . > < i % f nm ;me>ei: tint t.vtt itthesoroatic 
annulus cells can be obtained in large numbers and easily 
harvested. Moreover, although these ceils can be committed to 
a number of lineages, we would reason that the reversine- 



treated cells may preferentially follow an established differen- 
tia hon j h i :• n i h > Is I, i use for 
c i i > i I ii I i ] f n ti t d n 
nulus ceils would not be rejected by the donor, and therefore, 
epigenetic programming provides a customized approach to 
' . n hi< < i i p j < i i ' t nine 

that exhibit MSC-like characteristics. In the hypoxic, hyper- 
osmotic, and -i- t i d , assvJ r eomvot oi the di-,., 
these - v Id i cp ;rai ind | s pile oh pe- tin 
could bo used to repair or replace annulus ceils. 

Treatment with very low concentrations of reversine pro- 
moted dedifferentiation of the annulus cells. MIT and cell 
evele analysis clearlv sh I i hi trafci 

of reversine was nontoxic and well tolerated bv the cells. 
During this per ^ i - e - . • i! \h -i Led dene ise m 
proliferative potential and cell swelling. Indeed, we estimated 
th t tine luiiwt at the dedifferentiate.! annulus cells was 
fivefold greater than untreated cells. Although we did not 
examine i ae 

have noted h ' I j b s i -> to 
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Co 50nM 300nM 



Reversine Reversine 

FfG. 8. (. >ik i h t n ii u i t I t i ii iiit. ?T-f"( R a ilysis 

<>■ ioiifi< I i " i iu ti i I ) I i i i I is v ii i v mi . i di ii i 1 r i N|ou that 

there is uprc u lhon m < \p s v \ ^ui type II (COL-II), (B) aggrecan (ACAN), (C) vcrcknn (VCAN), (O) collagen 
type Is ii i i i N i \ i i i I i ii I Ii 1 mi (ii in mtb 

different from 50 nM reversine or control (Co); p < 0.05; data represent mean -i-SD of three independent experiments. 



reversine-dependent interference with Aurora B kinase 
activity. 18 This protein kinase lias been shown to be requited 
for a number of functions including mitotic chromosome 
segregation, spindle eheel .pom! function, cytokinesis, and 
histone H3 phosphorylation. 1 " Sabbattini et k have shown 
that Aurora B is required to remodel chromatin during post- 



put; 



rspe 



v.atme 



oba 



. dri- 



ed s 



receptor CXCR4 have been shown to be present in bone 
rs!,iir..m MSG, and to support hematopoietic cell pro- 

liferation. 2 " Likewise, 11..-6 protein is secreted by neural stem 
cells and MSCs and inhibits T-ce!l proliferation 27 ; IL-6 



vd for 



Oil s 



:alk 



pathway analysis supported these 
1 hu observations. We c 1 1 , 1 1 tic 1 un 
ffected gene networks that control cellular assembly and 
trganization, DMA icpiication, recombination, and repair, 
ell-to-cell signal: 11 en p ogy, t veil as moleculai 

rauspori anci small molecular biochemistry This obsercation 
trangly suggests that reversine treatment preferentially in- 
mnu link 1 in tii 1 . <! < 1 

ellular movement, and ceil growth and proliferation. From 



1 the dedifl 

tion of MSC-like characteristics ui ,h ,u I ^ o dependent 
on chromatin remodeling , n - - rrest and cell cycle 
regulation. 

The expressii eni linked to so n; t iediffei 

entiation hat been dis ussed in a considerable number of 
recent studies." 1 '" With respect to reversine treatment, 
changes in genes linked to dedifferentiated state and the 
q^stic i an V-T , ^ >t pe base been docu- 
mented' '" x >'U^ it--.- ^ n , \ did' , 
earlier studies by delineating that there is a marked increase 
511 expression of CCL2 and C M. K i, IL-6 and IL-lrn, and 
Intcct). Of these, the chemokine receptor ligand CCL2 and th« 



1 t x ;■■ 1 o I < 1M >t nil tic .d c }> (.--ion oi 

the immunosuppressive phenotype '"'' Clearly, expression 
of these receptors would serve to decrease rejection of the 
dedifferentiated ceils as well as promote stem ceil plasticity. 

The mesengenic potential of the reversine -treated artnulus 
fibi'osus ceils was evaluated by maintaining the evils in 
medium that encouraged expression of differentiated phe- 
notvpes. In medium supplemented with dexamethasone, 

, hue, an ero P hos } e, mam nor. eversux 

pretreated cells expressed osteogenic characteristics (high 

i phosphatas xpressic nad acticuo ad expn > 

sion of osteogenic proteins) than untreated ceils. Likewise, 
medium containing dexamethasone, insulin, l-methyl-3- 
isobutylxanthine, and irtdomethaciri enhanced the evpres- 
-11 1 l K i ' n 1 I 1 i 

foi oil I ( > i 1 tl orn the ps specth a of 

i - 1 _, c hi ' u j < I 1 ail sign i 



.1 po 



! dif] 



;o|in 



chondrogerdc potential of the r 
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ni \ f< i - c K t in i | oj osteogenic po- 

tential. This finding lends support to the notion that this 
agent would K u hi U '.>>; v c ne * > 3 1 ■ fervertebrai 
disc. Although i; was noi determined it 'he re - * ersine- treated 
cells were nrulti potent, results of the differentiation assavs 
indicated that annulus tibrosus ceils pretreated with re- 
versine echrh c in U n Ac- 

eoidr gl\, txs ii ii n ^ i t Mi t iv (.pie, i is 
annulus fibrosus cells - t f mere civ asticity so that 
miili > r ii Ii as ceid-mairb: and i 1 I interac- 

tions, live, pu»n.-r<* disiofutufti-ni .u ireei: mviueno 

Currently, it is generally accepted that disc repair can be 

Hull | 1 in ! <-!■!"• .U"il ' >1 t I 'i:":-ai'\ 1 ',, It! l 

one -'Stephen i he a i/, ail ci \- ' I - 
the use of these ceils for replacement therapy is complicated 
by p >l i s iu i i i t i [ ii i>i re- 
— 3tj E kd diir n it n i c < i k f 

larvcsti < nd i ti i i c I I ti > t 

adult differentiated cells Into muiiipotent progenitors pro- 
vides a very attractive clinical proved ire foi ciis< repai; \s 
c-nidi on- til ti mi j n Ik ii >. ^ltebiai disc 

have beer; shown to promote MSG differentiation into disc- 
like ceils, 3 ' there is also trie possibiiih, that reversine can he- 
used to generate ceils expressing the uauuiu. tibrosus char- 

icteristi t iv be pi I c epigcro 

oMhedisc Ci < i. i In i ii t regenerative 
therapy, as the annulus iihic.sus <-elis a cuikl be harvested 
from a degenerated disc and may not be normal, the re- 
sponse to reversine treatment would iii eh be different from 
those utilized in this study. Work is in progress to charac- 
terize responses of annulus tibrosus ceils isolated from de- 
generated disc to reversine and to define environmental 
conditions that exist within the different compartments of 
disc, which might enhance reversine-d ependent differentia- 
tion of progenitor-like cells into defined lineages. 
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